Natural killer (NK) cells are circulating cytotoxic lymphocytes that exert potent and nonredundant antiviral activity and antitumoral activity in the mouse; however, their function in host defense in humans remains unclear. Here, we investigated 6 related patients with autosomal recessive growth retardation, adrenal insufficiency, and a selective NK cell deficiency characterized by a lack of the CD56 dim NK subset. Using linkage analysis and fine mapping, we identified the disease-causing gene, MCM4, which encodes a component of the MCM2-7 helicase complex required for DNA replication. A splice-site mutation in the patients produced a frameshift, but the mutation was hypomorphic due to the creation of two new translation initiation methionine codons downstream of the premature termination codon. The patients' fibroblasts exhibited genomic instability, which was rescued by expression of WT MCM4. These data indicate that the patients' growth retardation and adrenal insufficiency likely reflect the ubiquitous but heterogeneous impact of the MCM4 mutation in various tissues. In addition, the specific loss of the NK CD56 dim subset in patients was associated with a lower rate of NK CD56 bright cell proliferation, and the maturation of NK CD56 bright cells toward an NK CD56 dim phenotype was tightly dependent on MCM4-dependent cell division. Thus, partial MCM4 deficiency results in a genetic syndrome of growth retardation with adrenal insufficiency and selective NK deficiency.
Introduction
Natural killer (NK) cells are circulating cytotoxic lymphocytes lacking antigen-specific T cell and B cell receptors (1, 2) . They have been shown to exert potent and nonredundant antiviral activity and antitumoral activity in the mouse model (3) (4) (5) (6) . Their function in host defense in humans remains unclear, due to the lack of well-defined inherited disorders associated with a selective defect in NK cell development (7) . Several children with a specific quantitative circulating NK cell defect but normal T cell counts have been reported (8) (9) (10) (11) (12) . Some of these patients seem to be highly susceptible to viral infections, such as those caused by herpesviruses, in particular (8, 9) . However, these cases were sporadic, and the defect in NK cells was documented after clinical viral diseases, raising the possibility that the viral infection might have contributed to the NK cell deficiency (13) . We have previously described the first two forms of familial NK cell deficiency, in two unrelated families, defining a new Mendelian syndrome (OMIM 609981) (14, 15) . In the first family, the eldest child died from cytomegalovirus (CMV) infection, whereas the second child was still healthy at the age of 13 years despite displaying a persistent lack of NK and NK T cells, with no diagnosed viral infection to date. However, this patient recently developed osteosarcoma (our unpublished observations). These two siblings also displayed severe intrauterine growth retardation, persistent neutropenia, and transient CD8 + T lymphopenia (14) . Enhanced lymphocyte apoptosis has been shown to underlie this syndromic immunodeficiency (16) . In 2006, we also reported 4 patients from a large nomadic Irish consanguineous kindred with NK cell deficiency and susceptibility to viral infections (15) . The hematopoietic phenotype specifically affects the NK cell lineage. These patients also display adrenal insufficiency, as reported (17) , and developmental abnormalities, including ante- and postnatal growth retardation and microcephaly in particular. One of the patients developed an Epstein-Barr virus-driven (EBV-driven) lymphoproliferative disorder, and two others developed severe respiratory illnesses that were probably of viral origin. We mapped this immunodeficiency to a single 12-Mb region on the centromeric region of chromosome 8 (15) and then tried to decipher the molecular genetic basis of this new syndrome combining selective NK cell deficiency, growth retardation, adrenal insufficiency, and predisposition to viral infections and, possibly, cancer (18) .
Results

Identification of a mutation in MCM4. The interval previously linked
to the familial defect mapped to the centromeric region of chromosome 8 (15) . Two new members of this family were subsequently enrolled, including a patient with the same clinical phenotype, including a low NK cell count (<4%) ( Figure 1A , kindred A). We also enrolled a new consanguineous nomadic Irish family, possibly related to the first family, including a child with growth retardation, adrenal insufficiency, a low NK cell count (<1%), and a history of recurrent infections with herpes simplex virus (HSV) and varicella zoster virus (VZV) ( Figure 1A , kindred B). The growth retardation and adrenal insufficiency of all patients are detailed in Supplemental Table 1 (supplemental material available online with this article; doi:10.1172/JCI61014DS1). Multipoint linkage analysis was performed with both families (a total of 6 patients and 18 healthy siblings), and the maximum lod score was obtained for the same region of chromosome 8, with a value increasing from 4.51 to 6.45 at marker D8S532 (see Supplemental Methods); the allelic profile was the same in both families, suggesting that the two families share the same genetic defect due to a founder effect. Fine mapping identified a narrower region of interest (8p11.23-q11.21) overlapping the centromeric region of chromosome 8 and extending from D8S1821 to D8S1745 (Figure 1B) . None of the 45 genes encoding proteins in this region were obvious candidates. We therefore sequenced the coding region, the 5′ and 3′ UTR of all coding genes, and one miRNA from either genomic or complementary DNA ( Figure 1C and see Supplemental Methods). All variations found in the patients are shown in Supplemental Figure 1A . We identified a homozygous substitution (A→G) in the acceptor splice site of intron 1 in minichromosome maintenance-deficient 4 (MCM4) (Figure 2A ). This substitution, c.71-2A→G, shifts the splice site by 1 nucleotide and leads to the insertion of a single nucleotide into the cDNA, c.70_71insG ( Figure 2B and Supplemental Figure 1B ). This insertion creates a frameshift, with a premature stop codon at position 27 in the new protein, which is thus truncated, the normal protein being 863 amino acids long. The new stop codon is N-terminal to all known functional domains of MCM4 ( Figure  2C ). The same homozygous mutation was found in all 6 patients. The parents were heterozygous, and the healthy relatives were either heterozygous or homozygous WT. The mutation was not found in any database (NCBI, Ensembl, 1000 Genomes) or in any of the 1,003 individuals from 52 ethnic groups sequenced (the Human Genome Diversity Project-Centre d'Etude du Polymorphisme Humain [HGDP-CEPH] panel) (19) , suggesting that it may be a rare pathogenic mutation rather than an irrelevant polymorphism. Finally, Hughes and colleagues identified the same mutation independently, through a whole-exome sequencing approach, in 8 other Irish patients with the same clinical phenotype (20) .
Impaired production of full-length MCM4 mRNA and protein. Similar amounts of MCM4 mRNA were detected in EBV-transformed B cell lines (EBV-B cells) as well as primary and fibroblastic cell lines (SV40 fibroblasts) from patients and controls (Supplemental Figure 1C and see Supplemental Methods). This suggests that the insertion of a single nucleotide, due to the c.70_71insG mutation, did not destabilize the mRNA. By contrast, we detected no full-length MCM4 protein (~100 kDa) in patient 1.2 (P1.2) EBV-B cells as well as P1.3 and P2.1 primary and SV40 fibroblasts, by Western blotting with a polyclonal antibody recognizing the first 300 amino acids of MCM4, whereas this protein was detected in control cells ( Figure 2C and Supplemental Figure 1D ). Instead, we detected two other more rapidly migrating proteins of lower apparent molecular mass (~95 kDa and ~90 kDa) in the patients' cells. These proteins were also detected in control cells, albeit in much smaller amounts than the full-length protein. Stable transfection with expression vectors carrying the WT MCM4 allele rescued normal MCM4 protein production (~100 kDa) in the SV40 fibroblasts from P1.3 and P2.1 ( Figure 2D ). Following the transfection of control cells with the mutated MCM4 cDNA, we detected the presence of the same two more rapidly migrating bands found in larger amounts in the patients' cells ( Figure 2D ). Together, these results suggest that no WT MCM4 protein was produced in the patients' cells and that the two more rapidly migrating bands were shorter forms of MCM4.
Reinitiation of MCM4 translation. We then investigated the presence of MCM4 in SV40 fibroblasts from controls, P1.3 and P2.1, using two other antibodies, specific for the N-terminal and C-terminal domains of MCM4. The N-terminal antibody recognizes a peptide sequence N-terminal to the mutation. We detected no MCM4 protein (~100, ~95, and ~90 kDa) in whole-cell, cytoplasmic, and nuclear extracts from the patients' SV40 fibroblasts. By contrast, in experiments with the C-terminal domain-specific antibody, the two smaller proteins (~95 and ~90 kDa) were detected in SV40 fibroblasts from the patients, but not in control cells (Supplemental Figure 2A ). The two more rapidly migrating proteins (~95 and ~90 kDa) detected in the patients' cells may be encoded by the mutant MCM4 gene and generated by the initiation of translation at two ATG codons in positions 51 and 75, giving rise to proteins with predicted sizes of 94 and 91 kDa, respectively ( Figure  3A ). We tested this hypothesis by transfecting HEK293T cells with various Flag-tagged expression vectors carrying WT and various mutant MCM4 alleles: the patients' mutation (c.70_71insG) only (MUT), the patients' mutation and the M51G substitution (MUT-ATG1), the patients' mutation and the M75G substitution (MUT-ATG2), and all three mutations (MUT-ATG1+2). In Western blots probed with antibodies against Flag and MCM4, two proteins of 94 and ~91 kDa were detected in MUT-transfected cells, whereas the ~94-kDa protein was not detected in the MUT-ATG1-transfected cells, and the ~91 kDa protein was not detected in the MUT-ATG2-transfected cells. Neither of these bands was detected in MUT-ATG1+2-transfected cells ( Figure 3B ). These findings imply that the c.70_71insG mutation results in the initiation of translation from two different ATG codons downstream from the mutation and the premature stop codon. Primary and SV40 fibroblasts from P1.3, P2.1, and controls were transfected with siRNAs against MCM4, to demonstrate that the two more rapidly migrating bands were indeed MCM4 isoforms (see Supplemental Methods). Transfection with 3 different siRNAs (si793, si1299, and si1325) against MCM4, but not with irrelevant siRNAs (EBNA or GL3), led to the disappearance of the full-length MCM4 protein from control cells and of the shorter isoforms from P2.1 fibroblasts, confirming that the two more rapidly migrating bands corresponded to isoforms of MCM4 generated by the initiation of translation downstream from the homozygous mutation in the patients' cells (Supplemental Figure 2B and data not shown). These data suggest that the homozygous MCM4 mutation prevents the production of the N-terminal domain of MCM4, this protein domain being well conserved among vertebrate species (Supplemental Figure 3) .
Normal MCM2-7 complex formation in patients' cells. MCM4 forms a highly conserved hexameric complex with MCM2, MCM3, MCM5, MCM6, and MCM7; this complex is known as the minichromosome maintenance (MCM2-7) complex (21) . The MCM2-7 complex is required for both the initiation and elongation phases of eukaryotic DNA replication (22, 23) . The first step of DNA replication is the recruitment and loading of the inactive preformed hexameric MCM2-7 complex bound to CDT1 onto origins of replication by the origin recognition complex (ORC) and cell division cycle 6 (CDC6) to form a pre-replication complex (pre-RC). We assessed the effect of the mutation on MCM4 function by first examining the formation of the MCM2-7 complex. In mammalian nuclei, MCM heterocomplexes may take two different forms, one of which can be extracted with non-ionic detergents, the other being tightly bound to DNA and extractable by DNase I treatment (24) . The chromatin-bound form is thought to be associated with pre-RCs. We therefore investigated the possible recruitment of the mutant MCM4 protein to the MCM2-7 complex and its loading onto chromatin. Detergent-soluble and DNase I-extracted fractions from cell extracts were subjected to immunoprecipitation with an anti-MCM2 antibody. Similar amounts of the MCM2, MCM3, MCM6, MCM5, and MCM4 (isoforms of 100 kDa in controls and ~94 kDa or ~91 kDa in patients) proteins were found in the cells from controls and patients, indicating that the two MCM4 isoforms in the patients were able to interact with the normal partners of MCM4, at least in SV40 fibroblasts ( Figure 4A ). The next step was to determine whether the MCM complex bound chromatin. The chromatin-bound fraction contained normal amounts of the MCM2-7 complex in both control cells and cells from patients ( Figure 4B ). Thus, the N-terminal domain of MCM4 was not essential for the formation of the MCM2-7 complex and its binding to DNA.
The MCM4 mutation causes a cell-cycle defect. The second step in the initiation of DNA replication requires cyclin-dependent kinasemediated (CDK-mediated) activation of the pre-RC to form the preinitiation complex (pre-IC), which in turn facilitates DNA unwinding and polymerization (25) (26) (27) (28) . This separation into two steps - pre-RC loading and activation - is crucial for the coordination of DNA replication and the prevention of re-replication (29) . We addressed the impact of the mutated MCM4 allele on DNA replication itself by investigating the cell cycle and DNA content in SV40 fibroblasts, by propidium iodide (PI) and BrdU labeling with (Supplemental Figure 2C ) and without aphidicolin (an inhibitor of DNA replication) pretreatment ( Figure 4C ). In the absence of aphidicolin treatment, the proportion of cells in the G 1 and S phases was lower in the patients than in the controls, whereas the proportion of cells in G 2 /M phase was higher ( Figure 4C ). The DNA content of the patients' SV40 fibroblasts was also abnormal, with an 8C/2C ratio much higher than that in control SV40 fibroblasts ( Figure 4C ), indicating disruption of the coordination of DNA replication. Treatment with aphidicolin amplified this phenotype ( Figure 4C and Supplemental Figure  2C ). Thus, MCM4 mutation affects DNA replication by disrupting the normal control of the prevention of re-replication and having an impact on the mitotic phase.
The MCM4 mutation causes genomic instability, which is complemented by expression of the WT allele of MCM4. Complete and accurate DNA replication is essential for the maintenance of genetic integrity in all organisms. When replication is compromised, the DNA becomes more prone to breakage. Genomic instability was assessed in the presence and absence of aphidicolin treatment in SV40 fibroblasts from patients and controls, through assessment of chromatid breaks and chromosome exchanges. The mean number of breaks per metaphase differed significantly between patients and controls, with values of 0.82 obtained for control cells and of 9.25 and 10.79 for cells from P1.3 and P2.1, respectively ( Figure 4D and Supplemental Table 2 ). Primary fibroblasts from P2.1 also contained radial chromosomes after aphidicolin treatment (Supplementary Figure 2D and Supplemental Table 2 ). Genomic instability was specific to aphidicolin treatment in the patients' fibroblasts, as we observed no increase in the frequency of DNA breakage after treatment with a crosslinking agent, diepoxybutane (DEB) (data not shown). Thus, the mutant MCM4 protein promoted repair inefficiently at sites of replication stress caused by aphidicolin. We speculate that these sites correspond to the fragile sites that can be enhanced by aphidicolin treatment. The patients' lymphocytes were more susceptible to DNA breakage following treatment with DEB, mitomycin C (30) and nitrogen mustard (ref. 31 and Supplemental Table 3 ), although breakage rates remained much lower than those in cells from patients with Fanconi anemia (32) . We expressed the WT MCM4 or the patients' MCM4 allele in patient fibroblasts and assessed the breakage phenotype, to demonstrate that the observed genomic instability was due to the absence of the full-length MCM4 in the patients' cells. Expression of the WT allele greatly decreased the number of DNA breaks per metaphase (from 9.7 to 3.6 breaks per metaphase for the WT allele), whereas expression of the mutant allele did not ( Figure 4D and Supplemental Table 2 ). The genomic instability phenotype of the patients' cells described here is similar to that of mice with a hypomorphic Chaos3 mutation in MCM4. The causal mutation in this model, F345I, is a well-conserved amino acid located close to the zinc finger motif, which is important for interactions between MCMs. Mice homozygous for the mutant Chaos3 allele of the Mcm4 gene are viable, whereas Mcm4 knockout is lethal before implantation, indicating that the Chaos3 mutant allele is hypomorphic (33) . Embryonic fibroblasts with the homozygous Chaos3 mutation have been reported to be susceptible to chromosome breaks in the presence of aphidicolin (33) .
Impact of MCM4 deficiency on NK cell terminal differentiation. The immunological phenotype of the patients was characterized by a normal number of circulating cells of the myeloid and lymphoid subsets (Supplemental Figure 4 , A and B, and Supplemental Figure 5A) , with the exception of a selective decrease in the numbers of NK cells ( Figure 5A ) and a slightly smaller memory B cell subset (CD27 + CD19 + ; Supplemental Figure 5A ), despite ubiquitous MCM4 protein production (Supplemental Figure 4C) . T cells proliferated normally in response to phytohemagglutinin (PHA) activation (Supplemental Figure 5B) . The rate of apoptosis of PHA-activated T cell blasts cultured with or without IL-2 or IL-15 was similar in P1.2, P1.3, and controls (Supplemental Figure 5C ). The proportion of lymphocytes was also affected in mice homozygous for the Chaos3 mutation. The percentages of T and B cells were lower and higher than normal, respectively, and, remarkably, a decrease in the proportion of NK cells was observed, supporting a role for MCM4 in NK cell development across species (Supplemental Figure 4D) . However, the NK cell defect observed in this model was far too mild to reproduce the phenotype of patients, consistent with the lack of growth retardation in these hypomorphic Chaos3/Chaos3 mice. In humans, NK cells can be divided into two subsets on the basis of the surface density of CD56, an N-CAM isoform. In the linear differentiation model for human NK cells, CD56 bright and CD56 dim NK cells correspond to sequential steps in NK cell differentiation (34) . CD56 dim NK cells have a high surface density of the low-affinity Fc receptor CD16 (CD16 hi ) and account for 90% of peripheral blood NK cells. CD56 bright NK cells are CD16 lo/neg and account for less than 10% of circulating NK cells. CD56 bright NK cells proliferate and produce IFN-γ in response to stimulation with cytokines, such as IL-2 and IL-18, whereas CD56 dim NK cells are cytolytic and produce cytokines when they encounter target cells (35) . The patients had very small numbers of NK cells, due to the selective loss of the CD56 dim subset, resulting in an increase in the CD56 bright /CD56 dim cell ratio ( Figure 5A ). This finding was confirmed by the smaller percentage of CD16 hi NK cells in the patients than in the controls (Supplemental Figure 6A and ref. 36) . Thus, MCM4 deficiency was associated with a partial but effective blocking of the differentiation of NK cells into the CD56 dim subset. Consistent with a role for MCM4 in the transition of CD56 bright to CD56 dim NK cells, MCM4 protein quantification showed that MCM4 was produced in slightly larger amounts in CD56 bright cells than in CD56 dim NK cells (Supplemental Figure 6B) . CD56 dim cells can be further subdivided into functional intermediates, based on a gradual increase in the surface expression of the sulfated carbohydrate CD57 and the progressive loss of surface CD94. The progression of CD56 dim NK cells toward terminally differentiated CD57 + CD94 neg NK cells is accompanied by a loss of proliferative capacity and an increase in cytolytic activity (37, 38) . Patients had smaller subsets of perforin + NK cells, CD57 + NK cells, and CD94 med/lo/neg NK cell subsets than controls, confirming the decrease in the size of all CD56 dim subsets in patients (Supplemental Figure 6 , A and C). By contrast, the CD3 + perforin + T cell subset was similar in patients and controls (Supplemental Figure 5D) .
Proliferation and apoptosis of NK cells. IL-2 and IL-15 promote NK cell proliferation and survival, respectively (39) (40) (41) (42) (43) . We assessed whether the NK cell deficiency in patients was linked to a defect in NK cell proliferation and/or survival, as previously observed for T cells in another patient with a complete deficiency of NK and NK T cells as well as transitory CD8 + T lymphopenia (16) studied by single-cell flow cytometry analysis of intracytoplasmic CFSE dilution and 7-AAD staining. Unlike NK CD56 bright cells from control individuals, the patients' NK CD56 bright cells did not pro-
Figure 4
Functionality of the MCM4 isoforms detected in the cells of the patient. (A) The Triton X-extractable fraction from patient and control SV40 fibroblasts was subjected to immunoprecipitation with a monoclonal antibody against MCM2. Protein extracts and immunoprecipitates were analyzed by immunoblotting with antibodies against MCM4, MCM3, MCM5, and MCM6. MCM2 was used as a loading control. (B) The chromatin-bound fraction was subjected to immunoprecipitation with a monoclonal antibody against MCM2. This procedure was carried out on the DNase I-extracted fractions of both control cells and cells from the patient. Protein extracts and immunoprecipitates were analyzed by immunoblotting with antibodies against MCM4, MCM3, MCM5, and MCM6. MCM2 was used as a loading control. Immunoprecipitation with IgG was used as a negative control. (C) Representative flow cytometry plots of the cell cycle of SV40 fibroblasts from controls and patients. Control (left), P1.3 (middle), and P2.1 (right) cell cycles in the absence of treatment. Transformation of cells with SV40 T antigen causes increased ploidy of all cells (59) . P1 corresponds to normal G1 phase, P2+P3+P4 correspond to normal S phase, P5 corresponds to normal G2 phase plus abnormal G1 or failed mitosis, P6+P7 correspond to re-replication S phase, and P8 corresponds to 8C (P8) DNA content. Patients' SV40 fibroblasts with or without 0. liferate in response to stimulation with IL-2 ( Figure 5B ) or IL-15 (Supplemental Figure 6D) . We also observed excess spontaneous apoptosis in CD56 bright NK cells in the absence of stimulation, this situation being reversed by treatment with exogenous IL-2 ( Figure 5B ) or IL-15 (Supplemental Figure 6D) . Furthermore, some of the patients' CD56 dim NK cells displayed excess spontaneous apoptosis in vitro, and this was not corrected by the addition of exogenous IL-2 ( Figure 5B ) or IL-15 (Supplemental Figure  6D) . Nevertheless, the patients' NK CD56 dim cells proliferated at rates similar to NK CD56 dim cells from control individuals following stimulation with IL-2 or IL-15 (data not shown). These data suggest that the lack of NK cells was probably due to the accumulation of chromosomal aberrations during proliferation of the NK CD56 bright subset, leading to the generation of only a few NK CD56 dim cells. Thus, the full-length MCM4 protein is essential for NK cell differentiation, accounting for the selective lack of CD56 dim NK cells in patients.
Discussion
We report here what we believe to be the first form of human MCM4 deficiency, in which a hypomorphic MCM4 allele is associated, in 6 Irish patients, with an autosomal recessive disease with growth retardation, adrenal insufficiency, NK deficiency, as well as predisposition to viral diseases and possibly also to cancer. An accompanying article (20) reports 8 other Irish patients with the same MCM4 genotype and the same clinical phenotype. The clinical phenotype of the patients, which is much more modest than that of mice with an embryonic lethal knockout of this gene (33) , is accounted for by the hypomorphic nature of the mutant allele. The reinitiation of MCM4 translation results in the production of the two truncated isoforms, one lacking the first 50 amino acids and the other lacking the first 74 amino acids, in the patients' cells. The N-terminal domain of the protein is well conserved in vertebrate species. The first 174 N-terminal amino acids of the yeast MCM4 protein form a serine/threonine-rich domain (NSD) including
Figure 5
Homozygous MCM4 mutation and specific NK CD56 dim deficiency. (A) Quantitation, by flow cytometry, of peripheral total NK cells and of the CD56 bright and CD56 dim NK cell subsets in controls (n = 22), heterozygous subjects (n = 2), and homozygous patients (P1.1, P1.2, and P1.3). Horizontal bars represent medians. ***P < 0.0005, Student's t test. Bottom: Representative flow cytometry plots of a homozygous WT sibling, a heterozygous sibling, and one patient. (B) PBMCs from 6 independent healthy controls and from one patient (P1.3) tested in 2 independent experiments were stained with CFSE and stimulated for 72 hours with various doses of IL-2. Apoptosis was assessed on NK subsets, by 7-AAD staining. Error bars indicate SD.
several protein kinase regulatory signals responsible for recruiting other DNA replication factors, leading to the formation of the pre-IC (26) required for progression through S phase (44) (45) (46) . In budding yeast, the distal part of the NSD (residues 2-73), which has several CDK phosphorylation sites, supports Dbf4-Cdc7 protein kinase-independent (DDK-independent) growth, whereas the proximal part of this domain has an inhibitory role that is alleviated by DDK-mediated phosphorylation (44) . It has also been shown, in HeLa cells, that phosphorylation of the serine/threonine residues of the NSD domain of MCM4 inhibits DNA replication (46) . Downstream initiation from M51 or M75 eliminates 4 or 5 potential sites of phosphorylation, respectively, in the N-terminal domain of MCM4 in the patients' cells. The regulatory function of the distal part of the MCM4 NSD is compromised in patients' cells, as demonstrated by the lack of prevention of re-replication and the higher mitotic phase. The C-terminal residues of MCM4 form an MCM complex domain involved in MCM2-7 complex formation and loading onto DNA. In yeast, this domain has been found to suspend MCM helicase activity after the formation of sufficient single-stranded DNA for checkpoint activation during the cell cycle (47) . We observed no defect in MCM complex formation or DNA loading in dermal fibroblasts from patients. However, we observed a high level of re-replication and DNA breakage in the patients' SV40 fibroblasts, indicating that the NSD domain of human MCM4 is also important for the checkpoint control of DNA replication as well as maintenance of genome integrity.
The overall developmental phenotype of the patients is consistent and can be accounted for by a ubiquitous requirement of the MCM4-containing MCM2-7 complex for DNA replication and cell proliferation (22) . Moreover, mice compound heterozygous for a hypomorphic Chaos3 allele and a null allele of Mcm4 fail to develop in utero, whereas homozygous Chaos3 mice are viable (33) . This scenario is consistent with the clinical phenotype of patients homozygous for the MCM4 mutant allele, which is much less severe than that of mice with an Mcm4 gene knockout, which die in utero before implantation (33) . In Caenorhabditis elegans, the homozygous lin-6 (Q88X) mutation in MCM4 causes defects in DNA replication, G 2 /M checkpoint arrest, and a decrease in cell proliferation rate (48) . It has also recently been shown that mutations affecting pre-RC components, including ORC1, ORC4, ORC6, CDC6, and CDT1, cause Meier-Gorlin syndrome, which manifests as microcephalic primordial dwarfism (49) (50) (51) . Growth retardation of a magnitude similar to that observed in patients with ORC4 mutations, in terms of height, weight, and head circumference, has been found in patients with MCM4 mutations, although these two disorders differ in terms of other features. For example, NK cell deficiency and adrenal insufficiency have been documented in patients bearing mutations in MCM4 but not in patients with Meier-Gorlin syndrome.
Mice carrying the Chaos3 hypomorphic allele of MCM4 also display chromosome instability in MEFs and develop mammary adenocarcinomas (33) . Our findings indicate that the first 50 and 74 amino acids are not required for MCM complex formation and the loading of MCM onto chromatin, at least in dermal fibroblast cell lines. However, the higher rate of DNA breakage in patients' leukocytes and dermal fibroblasts suggests that the N-terminal domain of MCM4 is involved in DNA replication and, specifically, in the maintenance of genome integrity during DNA replication. The impact of the N-terminal truncation of MCM4, however, seems to be cell context-dependent, at least in hematopoietic lineages, potentially accounting for the restricted developmental phenotype observed in the patients' NK cells. Such DNA damage may result from inefficient pre-RC activation, as observed in cancer cells overproducing cyclin E-CDK2 kinase (52) . Alternatively, the defect may be caused by a lack of checkpoint signaling via the MCM4 N-terminal domain. Either way, the genome is clearly unstable, and this may also account for the development of lymphoma in one of the patients. Predisposition to cancer is clearly associated with other chromosomal instability syndromes, such as ataxia telangiectasia, Bloom syndrome, RIDDLE syndrome, immunodeficiency centromeric instability facial anomalies syndrome, Fanconi anemia, LIG4 deficiency, and Nijmegen breakage syndrome. These syndromes are rarely associated with NK cell deficiency, and their association with selective NK deficiency has never been reported. Nevertheless, the NK cell deficit may have contributed to the development of EBV-driven lymphoma in one of the MCM4-deficient patients studied here.
Partial MCM4 deficiency is, to our knowledge, the first genetic etiology of a human disorder associated with selective NK cell deficiency to be described. In humans, the MCM4 deficit selectively affects the CD56 dim subset of NK cells, which account for 90% of the mature circulating NK cells. Several reports have indicated that the NK CD56 dim subset originates from the NK CD56 bright subset and that the transition between these two subsets is associated with a decrease in the capacity of NK cells to proliferate (34, 53) . Unlike control cells, the circulating NK cells in MCM4-deficient patients are mostly CD56 bright and do not proliferate in response to IL-2 or IL-15. This suggests that the NK CD56 bright subset cannot differentiate into the NK CD56 dim subset in patients with MCM4 deficiency. The concomitant observation of a lack of proliferation of NK CD56 bright cells and of the loss of the NK CD56 dim subset in patients suggests that the final stage of NK differentiation requires the proliferation of NK CD56 bright cells. Lutz et al. recently put forward this hypothesis, after comparing the rates of proliferation and apoptosis of NK CD56 bright and NK CD56 dim cells (54) . Our analysis of the patients reported here suggests that this hypothesis may be correct and reveals that MCM4 is required for this process. Thus, the identification of this MCM4 deficiency sheds light not only on the genetic deficiency in these patients, but also on the mechanisms of NK cell differentiation, providing what we believe to be the first genetic evidence for the differentiation of CD56 bright cells into CD56 dim NK cells in humans.
Other lymphoid cells (T and B cells) have high rates of proliferation that are not affected in patients with MCM4 deficiency, the defect observed being specific to NK cells. Previous studies based on DNA labeling and cell cycle analysis in mice have shown that adult splenic NK cells proliferate more rapidly than total splenic T cells (55) . Human peripheral blood NK cells have also been reported to proliferate more rapidly than T cells in healthy young and elderly women (54) . The higher rate of proliferation in NK cells than in T cells may account for the higher sensitivity of NK cells in patients with MCM4 deficiency. This suggests that the CD56 bright to CD56 dim NK cell transition involves hyperproliferation in vivo. Other leukocytes, including T and B lymphocytes, may use a pathway not present in NK cells, and this may allow them to overcome the deletion of the N-terminal part of MCM4, this part of the protein being indispensable in NK cells. NK cells have potent and nonredundant antiviral and antitumoral activities in mice (4, 6, 7). NK cell deficiency in the MCM4-deficient patients may account for the development of viral diseases in the patients, possibly even including the EBV-lymphoproliferative disorder. However, impaired MCM4 production in other, not necessarily hematopoietic, cell types may have contributed to the infectious phenotype (56) . Indeed, some viruses, such as EBV and CMV, inactivate the MCM complex by inhibiting MCM4 phosphorylation (57, 58) . This process may also have contributed to the lymphoma observed in one of the patients. In any event, partial MCM4 deficiency defines an autosomal recessive syndrome with global growth retardation, adrenal insufficiency, lymphoma, viral infections, and a selective NK CD56 dim deficiency.
Methods
Patients. The detailed clinical features of this family are described in Supplemental Table 1 . Briefly, in kindred A, 5 children had low NK cell counts in peripheral blood (<5%) and were born with severe intra- and extrauterine growth retardation and microcephaly, with mild or no facial dysmorphia. The index case, patient P1.3, was born in 1996 and displayed intra- and extrauterine growth retardation. At the age of 18 months, he presented hepatomegaly, splenomegaly, and lymphadenopathies. This may have reflected primary EBV infection, but remained unexplained. This patient had previously experienced recurrent childhood viral infections, with recurrent respiratory tract infections and lung disease consisting of bronchiectasis, fibrosis, and respiratory failure. At the age of 2 years and 9 months, he developed an EBV-driven lymphoproliferative disorder in the small bowel, and the resulting tumor was surgically removed. At the age of 5 years and 6 months, he developed clinical and biochemical features of adrenal insufficiency, leading to the introduction of replacement corticosteroid therapy (17) . He died at the age of 14 years, from progressive respiratory failure. Similar clinical features were observed in the other 4 members of kindred A with NK cell deficiency. Three members of this family suffered from frequent lung infections: P1.2, born in 1991; P1.4, born in 1997; and P1.5, born in 2002. In two of these patients, P1.2 and P1.4, lung fibrosis and respiratory failure occurred, and P1.4 died at the age of 11 years, from progressive lung disease with features of inflammatory interstitial pneumonitis. Intra- and extrauterine growth retardation was observed in all 4 patients. Microcephaly was recorded in P1.1, P1.4, and P1.5. Adrenal insufficiency requiring corticosteroid replacement therapy developed in 3 patients, P1.2, P1.4, and P1.5, whereas P1.1, born in 1999, was less severely affected. P1.1 displays a mild failure to thrive but has suffered no documented episodes of infectious viral disease.
In kindred B, one patient, P2.1, had a low peripheral blood NK cell count (<1%). He also displayed intra- and extrauterine growth retardation and recurrent respiratory tract infections. He had recurrent infections with HSV and VZV. At the age of 8 years, he was diagnosed with adrenal insufficiency and underwent bone marrow transplantation due to a gradual deterioration of his health. In short-term cultures of lymphocytes with DNA crosslinkers, DNA breakage rates were always higher than controls in the members of kindred A (except P1.5, who was not tested) and in patient P2.1. Serological tests for EBV with IgG against EBNA were paradoxically negative for P1.3, whereas tests for IgM/IgA against VCA were positive. P1.1, P1.2, and P1.4 tested positive for IgG against EBNA and negative for IgG/IgM against VCA. P1.5 was not tested. Serological tests for HSV were positive in all 6 patients; those for VZV were positive in P1.1, P1.2, and P1.3, and those for CMV were positive in P1.4 but negative in all other patients.
Western blots. Total protein was solubilized in extraction buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100 plus protease inhibitors plus phosphatase inhibitors). Cytoplasmic proteins were solubilized in cytoplasmic extraction buffer (10 mM HEPES pH 7.6, 10 mM KCl, 2 mM MgCl2, and 0.1 mM EDTA plus protease inhibitors plus phosphatase inhibitors). Nuclear proteins were solubilized in nuclear extraction buffer (50 mM HEPES pH 7.6, 50 mM KCl, 300 mM MgCl2, and 0.1 mM EDTA, 10% glycerol plus protease inhibitors plus phosphatase inhibitors). The extracted proteins were separated by electrophoresis in a Criterion XT Precast 10% Bis-Tris gel (Bio-Rad); molecular weight markers were included in the gel. Proteins were transferred onto membranes by iBlot Gel Transfer (Invitrogen), according to the manufacturer's instructions. Nonspecific binding was blocked by incubation in 1× PBS, 5% BSA for 1 hour. The membrane was incubated overnight with primary antibody in 1× PBS, 1% BSA, 0.05% Tween 20 and then with peroxidase-conjugated secondary antibody (GE Healthcare) and ECL Western blotting substrate (Pierce). Anti-human MCM antibodies from Santa Cruz Biotechnology Inc. were used (MCM4 [clone H300], MCM2, MCM5). Anti-GAPDH and anti-β-actin antibodies (Santa Cruz Biotechnology Inc.) were used for normalization. An antibody specific for the N terminus of MCM4 (Poly6024) (BioLegend), an antibody specific for the C terminus of MCM4 (ab4459) (Abcam), and an anti-Flag monoclonal antibody (OriGene) were also used.
Transient and stable transfection. The C-terminal Flag-tagged pCMV6 empty vector and the human MCM4 expression vector were purchased from Origene (RC206122). Other constructs were generated by direct mutagenesis with Phusion Taq from Finnzymes, according the manufacturer's instructions: MCM4 MUT (Flag-CMV6 MCM4 with the c.70_71insG mutation; MCM4-ATG1 (Flag-CMV6 MCM4 with M51G mutation); MCM4 MUT-ATG1 (Flag-CMV6 MCM4 with the c.70_71insG and M51G mutations); MCM4-ATG2 (Flag-CMV6 MCM4 with the M75G mutation); MCM4 MUT-ATG2 (Flag-CMV6 MCM4 with the c.70_71insG and M75G mutations); MCM4 MUT-ATG1+2 (Flag-CMV6 MCM4 with the c.70_71insG, M51G, and M75G mutations); MCM4-ATG1+2 (Flag-CMV6 MCM4 with M51G and M75G mutations). We transiently transfected HEK293T cells with the various constructs, by the calcium phosphate method (kit from Invitrogen). The pTRIP plasmid for lentiviral vector transfection was obtained with Gateway cloning technology from Invitrogen, according to the manufacturer's instructions. SV40 fibroblasts were transduced with lentiviral particles cultured in the presence of 2 μg/ml puromycin (InvivoGen).
Co-immunoprecipitation experiments. Cells were lysed as previously described (24) to obtain the Triton X-extractable and DNase I-released MCM fractions. Briefly, patient and control cells were lysed in cold CSK buffer (10 mM PIPES [pH 6.8], 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 0.1% Triton X, 1 mM ATP, protease inhibitors [Roche complete, Mini, EDTA-free]) for the Triton X-extractable fraction. The pellet was then digested with 1,000 U/ml DNase I for 30 minutes at 25°C, to extract the chromatin-bound MCM fraction. Both the Triton X-extractable and DNase I-released fractions were subjected to immunoprecipitation with the monoclonal anti-Mcm2 antibody (clone 2-2-40).
Cell cycle and BrdU incorporation analysis. Cells were used to seed plates at a density of 1 × 10 5 cells/ml. For aphidicolin treatment, cells were incubated with 0.3 μM aphidicolin for 24 hours. The drug was removed by washing the cells with warm medium, and the cells were then pulse labeled with BrdU for 30 minutes, washed with PBS, and treated with trypsin. Cells were fixed with methanol and stained with anti-BrdU-FITC antibody (BD Biosciences) and propidium iodide, according to the manufacturer's instructions. Flow cytometry analysis was carried out with the BD LSRII flow cytometry system and BD FACSDiva software.
Breakage analysis. Primary or SV40 fibroblasts were treated with 0.3 μM aphidicolin for 24 hours, arrested by incubation with colcemid (0.167 μg/ ml medium) for 2 hours, harvested, incubated for 10 minutes at 37°C in 0.075 M KCl, and fixed in freshly prepared methanol/glacial acidic acid (3:1 vol/vol). Cells were stored at 4°C. They were dispensed onto wet slides as required and air dried at 40°C for 60 minutes before staining with KaryoMAX Giemsa Gurr buffer (Invitrogen) for 3 minutes. The slides were rinsed with fresh Gurr buffer followed by distilled water, fully dried at 40°C for 60 minutes, and scanned with MetaSystems Metafer. For DEB treatment, the same procedure was followed, except that the cells were treated with 0.1 μg/ml DEB in medium for 72 hours before the addition of colcemid. Complementation of the breakage phenotype was analyzed in a blinded manner.
For lymphocyte DNA breakage experiments, blood cultures were exposed to 6 × 10 -8 M MMC, 10 -8 M HN2, or DEB at a concentration of 0.1 μg/ml. All cultures were harvested at 72 hours. Matched controls were analyzed in parallel. Colchicine was added to the cultures for a final hour before harvesting. Human T and B cell analysis by flow cytometry. Immunologic analysis of the T and B cell compartments of whole-blood samples was performed by flow cytometry, with monoclonal antibodies against CD3, CD4, CD8, CD19, CD45RA, CD45RO, and CD27 (BD) and sorting by flow cytometry with a FACSCanto II cytometer (BD).
Human NK cell analysis and CD56 bright /CD56 dim sorting by flow cytometry. Whole blood or PBMCs from healthy donors or patients were stained with fluorochrome-conjugated monoclonal antibodies against CD3, CD56, CD16, CD94, and CD57 and analyzed by flow cytometry with a FACSCanto II cytometer. All antibodies were supplied by BD BiosciencesPharmingen. NK cells were defined as CD3 -CD56 + cells in the lymphocyte gate. For the sorting of CD56 bright and CD56 dim NK cells, we first enriched whole-blood preparations in NK cells with the RosetteSep Human NK Cell Enrichment Cocktail (StemCell Technologies). The resulting mixture was subjected to gradient centrifugation on a Ficoll-Paque gradient, and the preparation enriched in NK cells was stained by incubation with anti-CD3 and anti-CD56 antibodies for 30 minutes at 4°C and sorted by flow cytometry, based on the surface density of CD56.
Cell stimulation and apoptosis analysis. PBMCs were stained with CFSE (Invitrogen), plated in 96-well plates, and activated by incubation with various concentrations of IL-2 (Chiron Corp.) or IL-15 (R&D Systems). After 72 hours, PBMCs were stained by incubation for 30 minutes at 4°C with anti-CD3 and anti-CD56 mAbs and then with 7-AAD (BD).
PBMCs were plated in 96-well plates at a density of 10 6 cells/ml and activated by incubation with PHA (1:700). After 6 days of culture, PHAactivated T cells were plated in 96-well plates at a density of 10 6 cells/ml and activated by incubation with IL-2 or IL-15. DNA fragmentation was assessed in PHA-activated T cell blasts, by washing cells in 0.9% NaCl and
